Background: Despite several studies with different methods, the effect of functional knee braces on knee joint kinematics is not clear. Direct visualization of joint components through medical imaging modalities may provide the clinicians with more useful information. Objectives: In this study, for the first time in the literature, video fluoroscopy was used to investigate the effect of knee bracing on the sagittal plane kinematics of anterior cruciate ligament (ACL) injured patients. Patients and Methods: For twelve male unilateral ACL deficient subjects, the anterior tibial translation was measured during lunge exercise in non-braced and braced conditions. Fluoroscopic images were acquired from the subjects using a digital fluoroscopy system with a rate of 10 fps. The image of each frame was scaled using a calibration coin and analyzed in AutoCAD environment. The angle between the two lines, tangent to the posterior cortexes of the femoral and tibial shafts was measured as the flexion angle. For the fluoroscopic images associated with 0°, 15°, 30°, 45° and 60° knee flexion angles, the relative anterior-posterior configuration of the tibiofemoral joint was assessed by measuring the position of landmarks on the tibia and femur. Results: Results indicated that the overall anterior translations of the tibia during the eccentric (down) and concentric (up) phases of lunge exercise were 10.4 ± 1.7 mm and 9.0 ± 2.2 mm for non-braced, and 10.1 ± 3.4 mm and 7.4 ± 2.5 mm, for braced conditions, respectively. The difference of the tibial anterior-posterior translation behaviors of the braced and non-braced knees was not statistically significant. Conclusion: Fluoroscopic imaging provides an effective tool to measure the dynamic behavior of the knee joint in the sagittal plane and within the limitations of this study, the pure mechanical stabilizing effect of functional knee bracing is not sufficient to control the anterior tibial translation of the ACL deficient patients during lunge exercise.
Background
Anterior cruciate ligament (ACL) is renowned as a key stabilizer of the knee joint. A large prevalence rate of 80000 to 250000 per year, or even more, has been reported for ACL injury (1) , which makes this ligament the most frequently traumatized structure of the knee (2) . ACL injuries are often due to sport accidents (3) and can affect the normal life of injured population who are mostly young and active persons (4) , including early retirement of sports persons (2) .
The effect of ACL injury on the biomechanics of the knee joint has been extensively studied in the literature. It has been shown to alter the joint's normal kinematics (5) (6) (7) (8) (9) , functional performance, proprioception (10) , and stability (11) . An important consequence of the joint's biomechanics alteration is the abnormal loading which has been suggested to be responsible, at least in part, for the degenerative changes in the articular cartilage and the progressive development of knee osteoarthritis (12, 13) . Although reconstruction surgery has been reported to be cost effective (14) , there is no adequate evidence that it reduces the overall rate of osteoarthritis in long-term (14) (15) (16) . However, whether a surgical or conservative approach is employed, a rehabilitation program is an inevitable part of the treatment plan and wearing functional knee braces (FKBs) has been suggested as part of this program since 70s (17) . These braces are often used for par-tially torn ACL patients and those who have undergone ACL graft reconstruction, immediately after surgery, to support the healing ACL, improve the joint's functional stability, and restore the normal kinematics.
The efficacy of FKBs has been assessed in previous studies using clinical and arthrometric evaluation (18) (19) (20) (21) , cadaveric examination (22, 23) , and motion analysis using skin markers (24) (25) (26) (27) . The methodologies of these studies, however, might be reasonably criticized for being subjective, unrealistic and suffering from limited accuracy (28, 29) . In a recent study, intracortical pins, inserted into the bones have been used to obtain the knee kinematics in braced and non-braced conditions (30) . This methodology, although accurate, is invasive and might interfere and affect the normal behavior of the subjects.
As such, the most reliable methodology to investigate the kinematical efficacy of FKBs is to use medical imaging modalities that provide direct visualization of the position and hence the relative motion of the bones noninvasively. Imaging techniques have been employed for kinematics analysis of the ACL deficient knees in two (31) and three (9, (32) (33) (34) dimensions often during quasi-static activities. Also, video fluoroscopy has been recently used to measure the kinematic behavior of the normal and ACL injured knees during dynamic activities (8, 35 ).
Objectives
In this study, for the first time in the literature, video fluoroscopy is used to investigate the in-vivo kinematical behavior of ACL deficient knees, before and after wearing FKBs, in order to examine the hypothesis that FKBs reduce the anterior tibial translation of ACL deficient patents.
Patients and Methods
Twelve male volunteers with unilateral ACL injury, selected by convenient sampling among patients referred to a medical imaging center participated in this study. The number of samples was determined by priori sample-size power analysis (β = 0.20, and α = 0.5) based on the results of a previous study that measured the effect of wearing FKB on the anterior tibial translation of 15 normal subjects (20) . All subjects were diagnosed with complete isolated ACL tear via MRI and clinical examination performed by an expert orthopedic surgeon. The exclusion criteria were age above 45 and below 18, any sign of inflammation, joint effusion, injury in meniscus, collateral or posterior cruciate ligament, concomitant injuries in the lower limb, any abnormal limb characteristics, and pain during the lunge exercise. Prior to testing, all participants read and signed an informed consent form approved by the Research Ethics Committee of the University of Social Welfare and Rehabilitation Sciences.
A functional knee brace was fabricated for each participant by a professional orthotist. The brace consisted of an anterior shank shell, a posterior thigh shell (thermoformed plastic sheets), two fastening Velcro straps on each shell, and a pair of knee bars. The shank and thigh shells were made based on the tracings of the entire limb with precise measurements of the limb contours for each subject. The orthotic knee joint was a standard polycentric hyper-extension controlling joint (17K48, Otto Bock, Germany) with bars made from non-metallic materials. The metallic screws of the orthotic knee joint were also replaced by plastic ones to prevent masking of the fluoroscopic images.
The fluoroscopic images were acquired using a digital fluoroscopy system (Baccara, DMS-Apelem, France) with a detector image array of 1024 × 1024 pixels and 12 bit depth, capable of imaging at 10 frames per second. Imaging was performed by the trained staff of the radiology department of Mostafa Khomeini Hospital under the supervision of a specialized interventional radiologist (MD). Subjects wore a lead apron and thyroid shield all throughout the test session. During the test, the fluoroscopy table was positioned vertically and the subject stood on a 45cm height table, to position the knee joint as close to the intensifier as possible in a proper field of view (32 cm diameter). The subject was then asked to perform a slow lunge exercise with his injured leg positioned forward, stay stationary with the injured knee at maximum bent for a short time, and then go back to the initial standing position. The subject was asked to keep his trunk upright throughout the maneuver. Imaging started after making sure that the knee joint was in the proper position that was seen all through the test duration. A metal coin with a known radius securely attached to the subject's leg or thigh was used to calibrate the image of each frame. Two tests were performed by each subject in non-braced and braced conditions. After application of the knee brace, the subject was allowed to walk for a couple of minutes to get used to the brace, followed by a 3-5 minutes rest before performing the experiment.
The image of each frame was exported to the AutoCAD environment (ver 2013, Autodesk Inc., Montreal, Canada) for analysis ( Figure 1 ). The angle between the two lines, tangent to the posterior cortexes of the femoral and tibial shafts, was measured as the flexion angle. The relative anterior-posterior configuration of the tibiofemoral joint was assessed by measuring the relative position of a fixed point on the femur with respect to a local coordinate system attached to the tibia. The femoral reference point (C in Figure 1 ) was considered to be the center of a circle fitted to the posterior edge of the femoral intercondylar notch (36) . The tibial coordination system was defined with the y axis, along the long axis of the tibial shaft, i.e. the line tangent to the posterior cortex of the tibia. The line from the most anterior point of the tibial plateau (P in Figure 1 ) perpendicular to the y axis was defined as the x axis, and the intersection point of the y and x axes (O in Figure 1 ) as the origin of the tibial local coordination system. The difference between the x coordinates of the midpoint of OP, considered as the tibial reference point, and C in the tibial coordination system was used to indicate the relative anterior-posterior position of the tibia with respect to the femur (36, 37) . For each subject, the fluoroscopic images associated with 0°, 15°, 30°, 45° and 60° knee flexion angles were analyzed in two braced and non-braced conditions. For each frame, the radius of the calibration coin was used to determine the scale factor that was applied to measurement results.
The normality of the variables' distributions was tested by 1-sample K-S test. Paired t-tests (α = 0.05) were used to compare the mean of anterior tibial translation in braced and non-braced conditions in different knee angles (5 levels: 0°, 15°, 30°, 45°, 60°) and phases of the lunge maneuver [eccentric (downward) phase and concentric (upward) phase]. The time duration of the maneuver and the peak knee flexion angle were also compared by paired t tests (α = 0.05). The reliability of the process was tested using intraclass correlation coefficient (ICC 2, 2 ). Ten sample images were randomly chosen from the available data and two raters measured the anterior tibial translations using the methodology described above. The measurement process was repeated after a 2-week interval by each rater and the reliability was calculated by taking the average of the two measurements. All the statistical tests were performed using SPSS 17 for Windows (SPSS Inc., Chicago, IL, USA). 
Results
The subjects were between 19 and 44 years of age with the detailed data indicated in Table 1 . All subjects completed the maneuver with no discomfort in both braced and non-braced conditions. The general characteristics of the maneuver in braced and non-braced conditions were similar. The mean time duration of the maneuver was 12.8 ± 3.4 seconds without brace in comparison with 12.9 ± 3.9 seconds when using brace (P = 0.75). The result was the same for means of the maximum knee flexion angles with 64.6 ± 11.6 and 67.3 ± 11.9 degrees in non-braced and braced conditions, respectively (P = 0.07).
The results obtained for the tibial anterior-posterior translations are illustrated in Figures 2 and 3 . In general, an increasing tibial anterior translation was observed with progressive knee flexion in the eccentric (downward) phase of lunge maneuver, in both the non-braced and braced conditions. The overall anterior translation of the tibia during the eccentric phase was 10.4 ± 1.7 mm for non-braced and 10.1 ± 3.4 mm for braced knees, with no significant difference. Also, no significant difference was observed between the tibial anterior-posterior translation behaviors of the braced and non-braced knees at the flexion angles examined, except for 60° at which the anterior tibial translation (ATT) of the braced knee was larger than that of the non-braced (P = 0.033). A similar trend was observed for tibial posterior translation during the concentric (upward) phase of the lunge maneuver, when going back from bent knee to the initial standing position. The overall posterior translation of the tibia was 9.0 ± 2.2 mm for non-braced and 7.4 ± 2.5 mm for braced knees. No significant difference was observed between the tibial anterior-posterior translation behaviors of the braced and non-braced knees at any flexion angles examined. The ICC (2, 2) value (average measure) was 0.869 (P < 0.001). 
Discussion
In this study, for the first time, fluoroscopic imaging was used to measure the effect of functional knee bracing on the tibiofemoral joint arthrokinematics to avoid uncertainties involved in the previous in-vivo investigations, e.g. skin marker artifacts and intracortical pin interferences with soft tissues. However, in spite of being non-invasive and providing direct visualization of the positions of the bones, there are concerns over limitations of this method that might give rise to inaccuracies. First of all, a single fluoroscope only provides kinematics information in two dimensions, i.e. only the movements of bones in the plane of radiography are visualized. For the ACL injured knees, one of the most important components of the joint movement is the anterior-posterior translation of the tibia relative to the femur that can be well observed in sagittal plane images. However, considering the fact that the knee joint movement is three dimensional in nature, there is a possibility that other components of movement, namely the internal-external rotations of the bones affect the sagittal plane measurements. In spite of the studies that have used single plane imaging techniques for measurement of the sagittal plane motion data of the knees (31, (35) (36) (37) , the effect of such cross talk has not been studied before and we are not aware of the inaccuracies that it might have caused in our results. However, this effect is expected to be of lower importance in our comparative study of non-braced and braced knees. Further studies using accurate three dimensional measurement techniques, e.g. orthogonal fluoroscopy (6) are needed to evaluate this assumption.
Another difficulty in studying the human joint kinematics using fluoroscopy arises from technical limitations of this imaging modality. First of all, the resolution of the fluoroscopic images is limited. This can affect the accuracy of the bony landmark identification and the resultant spatial measurements. Considering the 32 cm diameter field of view and the 1024 × 1024 pixels resolution of our fluoroscopic images, the size of each pixel was about 0.3 × 0.3 mm. Thus the highest accuracy that could be expected for a linear measurement, e.g. anterior tibial translation, is 0.3 mm. Moreover, the fluoroscopic images are blurred, not only due to the spatial blurring factors that plague all x-ray imaging devices, but also due to the persistence of video signals between TV frames, a phenomenon known as image lag (38) . The latter factor can lead to motion blurred images for moving objects, especially when the speed of motion is high in comparison with the system's imaging frequency. Considering the 10 fps frequency of our fluoroscope system, we asked the subjects to perform the lunge maneuver slowly to obtain improved results. However, our images were still affected by some blurring effects that made the accurate identification of bony landmarks difficult.
In spite of the above limitations, the results of the intraclass correlation coefficient tests indicate a high reliability for the measurement procedure employed. In addition, our results for the anterior-posterior translation behavior of the ACL injured knees are consistent with the literature. We found increasing tibial anterior translation with progressive knee flexion in both eccentric and concentric phases of the lunge maneuver (Figures 2 and 3) . A similar trend has been well documented in the literature for ACL deficient knees (6, 35, 36) . Also, the extent of the tibial anterior translation found in our study for ACL injured knees is within the range of the reports in previous publications. The overall anterior translation of the tibia in the non-braced condition were 10.4 ± 1.7 mm and 9.0 ± 2.2 mm, for eccentric and concentric knee flexion between full extension and 60 degrees, respectively, which is comparable with the 11. The results of our study regarding the effect of using a FKB on the kinematics of the ACL injured knees indicated no significant difference. This result is consistent with the cadaveric studies of Wojtys et al. (23) that reported no significant difference in tibial translation in braced and non-braced conditions. However, they reported a significant change in tibial internal-external rotation behavior, which was not examined in our study. Besides, in the invivo study of Ramsey et al. (30) , using intracortical pins, the changes in the kinematics of ACL deficient knees were minor following wearing braces with no consistent decrease in the anterior tibial translation.
Such insufficiency might seem contradicting with the clinical results suggesting improved stability and performance following wearing FKBs (18, 19) . However, it is a fact that our results are limited to the type and speed of the functional task we examined. The brace might be more effective in high-speed and/or open chain tasks, particularly those involved with rotational instability. Also, no control group was examined in our study. It only tested the affected limbs of the subjects with and without a knee brace after a very short adaptation time. The performance of FKBs in restoring the normal kinematics of the tibiofemoral joint might improve over time after the patients get used to the brace proprioceptive feedback and learn to change their muscular contraction pattern towards a safer and closer to normal kinematics. With the above considerations in mind, much care must be taken in the generalization of our results. The authors suggest further investigations on large sample sizes of normal and ACL injured subjects, and after longer adaptation times with knee braces to examine the efficacy of the functional knee braces in more detail.
